Context. The c-C 3 H radical was first detected in TMC-1 by Yamamoto et al. (1987, ApJ, 322, L55), who observed the 2 12 → 1 11 transition at 91.5 GHz in emission. Mangum & Wootten (1990, A&A, 239, 319) observed the 1 10 → 1 11 transition at 14.8 GHz in emission in 12 additional galactic objects. Aims. The aim of this investigation is a quantitative estimate of relative line intensities under NLTE conditions. Methods. For wide ranges of physical parameters, where these molecules may be found, we have solved a set of statistical equilibrium equations coupled with the equations of radiative transfer in an on-the-spot approximation. For c-C 3 H, we accounted for 51 energy levels connected by 207 radiative transitions, and for c-C 3 D, we accounted for 51 energy levels connected by 205 radiative transitions. Results. Our results show that the 3 31 → 3 30 transition of c-C 3 H and c-C 3 D may be found in absorption against the cosmic microwave background (CMB). Furthermore, we found population inversion for the 1 10 → 1 11 transition. These findings may be useful in identifying these molecules in other cosmic objects, as well as for the determination of physical parameters in these objects.
Introduction
Cyclopropynylidyne, c-C 3 H, was the second hydrocarbon ring molecule found in interstellar space (after c-C 3 H 2 ). It was first detected by Yamamoto et al. (1987) in TMC-1, who observed the 2 12 → 1 11 transition at 91.5 GHz in emission. Later, Mangum & Wootten (1990) observed the transition 1 10 → 1 11 at 14.8 GHz in emission in 12 additional galactic objects. The linear isotopomer l-C 3 H has also been identified in TMC-1 and IRC +10216 (Thaddeus et al. 1985) . The most probable production mechanism of C 3 H and C 3 H 2 in dark clouds is a common dissociation reaction of the C 3 H + 3 ion (Adams & Smith 1987) . Although c-C 3 H is 0.8 eV less stable than l-C 3 H, the column density of c-C 3 H is found almost comparable to that of l-C 3 H in TMC-1.
We have performed NLTE radiative transfer calculations for c-C 3 H and c-C 3 D. Our results indicate that the 3 31 → 3 30 transition will show up in absorption against the CMB over a wide range of physical parameters. In addition, we found population inversion in a certain parameter range for the 1 10 → 1 11 transition. These findings may be useful for identifying these molecules and for determination of the physical conditions within the objects where they are found. In this investigation we did not account for fine and hyperfine splittings of the levels.
Basic formulation
The c-C 3 H and c-C 3 D both are a-type asymmetric top molecules with equal electric dipole moment µ = 2.4 Debye. Rotational levels in an asymmetric top molecule are specified as J k a ,k c , where J Tables 1-3 and Figs. 4, 5 are only available in electronic form at http://www.aanda.org is the rotational quantum number and k a and k c the projections of J on the axis of symmetry in case of prolate and oblate symmetric tops, respectively. In an a-type asymmetric top molecule, rotational radiative transitions are governed by the selection rules:
: odd, even ←→ odd, odd.
Owing to the nuclear symmetry in c-C 3 H and c-C 3 D, the rotational levels with even value of k a are missing in their spectra. In the present investigation we accounted for the rotational levels up to 106 cm −1 for c-C 3 H (Fig. 1 , Table 1 ) and up to 94 cm −1 for c-C 3 D (Table 2) .
In our investigation, NLTE occupation numbers are calculated in an on-the-spot approximation based on an escape probability method. For this we used a VLG (large velocity gradient) code (Goldreich & Kwan 1974) in the form as described by Rausch et al. (1996) , where the external radiation field is assumed to be the CMB only. In this approximation, the escape probabilities depend on the local occupation numbers only. Inserting these into the rate equations, the latter become nonlinear. For c-C 3 H, a set of 51 nonlinear rate equations involving 207 radiative transitions and for c-C 3 D, a set of 51 nonlinear rate equations involving 205 radiative transitions are solved by iteration for the given values of the hydrogen density n H 2 and of the parameter γ ≡ n mol /(dv r /dr), n mol being the density of the molecule and (dv r /dr) the velocity gradient in the object. The input data required in the present investigation are the radiative transition probabilities (Einstein A-coefficients) and the collisional rate coefficients. 
Einstein A-coefficients
The energy levels and Einstein A-coefficients of radiatively allowed transitions are calculated as described by Chandra et al. (1984) and Chandra & Rashmi (1998) . The required rotational and distortional constants are taken from Yamamoto & Saito (1994) . The numerical values of the energy levels and the Einstein A-coefficients are given in Tables 1-3 .
Collisional rate coefficients
Since rate coefficients for collisions with H 2 molecules are not available in the literature, we assumed for the downward transitions J k a k c → Jk a k c at a kinetic temperature T k :
The upward collisional rate coefficients were determined using the detailed balancing equations.
Anomalous absorption and population inversion
The observation of a spectral line in absorption against the CMB is a phenomenon as unusual as the occurrence of population inversion (maser emission) as discussed e.g. by ter Haar & Pelling (1974) . Both phenomena are a sign of extreme deviation from LTE. They do not show up if one models the molecules as two level systems, i.e. for any theoretical explanation, three or more energy levels have to be accounted for.
The intensity, I ν , of a line formed in an interstellar cloud, with homogeneous excitation conditions, is given by
where I ν,bg is the intensity of the continuum against which the line is observed, τ ν being the optical depth of the line, and S ν the source function. Expressing the intensity I ν in terms of the brightness temperature T B , and the source function S ν in terms of the excitation temperature T ex , Eq. (2) may also be written in the form (Rayleigh Jeans approximation):
Whether a given line appears in absorption or in emission, depends in general on the physical conditions within the cloud where it is formed and on the background against which it is observed. In the case of anomalous absorption, i.e. if we have 0 < T ex < T CMB , where T CMB is 2.73 K, however, the line will appear in absorption against any background, even against the CMB. Similarly, in case we have an occupation inversion, in which case T ex and τ ν both are negative, the line will appear in emission against any background.
Results and discussion
In order to include a large number of cosmic objects where c-C 3 H and c-C 3 D may be found, numerical calculations are carried out for wide ranges of physical parameters. The molecular hydrogen density n H 2 has been varied over the range from 10 3 cm −3 to 10 7 cm −3 and calculations are performed for kinetic temperatures from 10 K to 70 K and for two values of γ, 10 −5 cm −3 (km/s) −1 pc and 10 −6 cm −3 (km/s) −1 pc. In the calculations, the molecular hydrogen density n H 2 , the kinetic temperature T k and γ are free parameters. As we have used scaled values of collisional rates, our results are qualitative in nature.
The c-C 3 H radical
Figures 2-4 show the results of our numerical computations for three particular lines of the c-C 3 H radical, the 3 31 → 3 30 transition at 3.4 GHz, the 1 10 → 1 11 transition at 14.8 GHz, and the 2 12 → 1 11 transition at 91.5 GHz.
The figures give the relative brightness temperatures -i.e. the quantity (T B − T ν,bg )/T ν,bg -for two different backgrounds, the first being the CMB and the second a non-thermal source corresponding to Cas A. The latter background was determined by taking the brightness temperature at 14.5 GHz from the map of Batrla et al. (1983) at the position where Yamamoto et al. searched for the 91.5 GHz line and then scaling it to the frequencies of our lines according to the frequency dependence as determined by Baars et al. (1977) and adding the CMB. In addition, the figures show the optical depth, and in case of the 3.4 GHz line the excitation temperature. All these quantities are shown as functions of n H 2 for given values of T k and γ.
We found a number of lines of c-C 3 H to occur in absorption against the CMB, the transition 3 31 → 3 30 at 3.4 GHz (Fig. 2) being the strongest one.
We note in particular, that for a given kinetic temperature, the excitation temperature T ex first decreases with increasing values of n H 2 , then goes through a wide minimum and finally increases again. This general behavior can be understood by qualitative arguments: since in the limit n H 2 → 0 the radiative transition rates dominate over the collisional rates, we have T ex → T CMB . In the other limit, n H 2 → ∞, the collisional transition rates dominate and we have T ex → T k . In the range in between the two limits, the excitation of most of the levels is dominated by the collisions, while in the optically thin limit the deexcitation rate for most of the levels is determined by spontaneous emission. In this range, one finds as a crude estimate for a line for which the energy difference between the upper and the lower level is small compared to kT and small as compared to the excitation energy of both levels -conditions satisfied for the 3 31 → 3 30 transition of c-C 3 H -that the ratio of the occupation numbers of the upper and the lower level is roughly given by the inverse of the radiative life times of the levels. For the 3 31 → 3 30 transition, this value is 0.53 (see Table 1 ). Since T ex is defined through the ratio of the occupation numbers, this explains why the minimum of T ex as function of n H 2 is so wide. The variation of T ex with the kinetic temperature T k is essentially a consequence of the variation of the upward collision rates with T k . (The excitation energies of 3 31 and 3 30 levels are of the order of 20 K, see Fig. 1 ) The collision rates increase with T k . The most important effect of this is that the above discussed limits are shifted to lower densities. It is noteworthy that in the density range for which we have T ex < T CMB , T ex varies considerably less with T k than T B and τ. This is due to the fact that T ex depends only on the ratio of the occupation numbers, while τ depends on the difference. From Fig. 2 we also see that at higher temperatures (T k ≥ 30 K) there is a small range of densities in which we have population inversion. The curves for T ex calculated for the two values of γ hardly differ from each other. This indicates that optical thickness effects are unimportant in this parameter range.
From our numerical results, we also find population inversion for several transitions, the most important one being the transition 1 10 → 1 11 (Fig. 3) . The inversion indicated in Fig. 3 by negative values of τ, is a consequence of the interplay between collisional and radiative transitions. Collisions provide in our model the basic excitation. Therefore at low densities, the inversion increases with increasing density, goes through a maximum (minimum of τ) and then decreases again. In this context we note that the minimum of τ occurs approximately when the collisional and the radiative lifetime of the upper level become equal. The strong dependence on the kinetic temperature shows that the higher lying energy levels are involved. The higher levels are excited by collisions and then are deexcited mostly due to radiative transitions. In this context we note, that the radiative lifetime of the 1 10 level is larger than that of all other levels by more than one order of magnitude (see Tables 1 and 2 ). Figure 4 shows the results for the 2 12 → 1 11 transition at 91.5 GHz, which was observed by Yamamoto et al. (1987) in TMC-1 and searched for in the direction of Cas A. At this high frequency, the non-thermal background is very low and therefore has only little effect on the appearance of the line.
The c-C 3 D radical
The results we obtained for the c-C 3 D radical are qualitatively very similar to those found for c-C 3 H. In particular, we found for the 3 31 → 3 30 transition at 0.9 GHz anomalous absorption, and for the 1 10 → 1 11 transition at 10.8 GHz population inversion over a wide range of parameters. We shall not go into a detailed discussion, but just refer to Fig. 5 showing the results for the 3 31 → 3 30 transition of c-C 3 D.
Conclusions
Our numerical results show that in a range of physical parameters typical for interstellar molecular clouds, strong deviations from LTE of the relative occupation numbers of the molecules c-C 3 H and c-C 3 D are to be expected. For certain transitions these may imply anomalous absorption or population inversion. Therefore, it is difficult to derive the total column density of a given molecule by observing just one line. For a quantitative estimate of the column density and other physical parameters one should measure several lines, if possible. In this context the observation of anomalous absorption may be of particular use, since this phenomenon is restricted to a certain range of densities. If observations are made against a non-thermal background source, the 1 10 → 1 11 transition may be found in emission or absorption, depending on the physical parameters within the cloud in which the line is formed. -C 3 H and c-C 3 D radicals (RN) , Online Material p 2 
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